International agencies have advocated scaling-up of midwifery resources as an important method for improving maternal health and reducing maternal mortality rates (MMR). The cost-effectiveness of midwife-led versus physician-led intrapartum care is an important consideration in the human resource planning required to reduce MMR. Studies suggest that midwife-led teams can achieve comparable effectiveness and outcomes using less medically intensive care compared with physician-led teams. In the absence of adequate medical cost data, decision makers should consider the substantially lower average costs for three main drivers: salaries, benefits and incentives (≥two-times lower); preservice training (three-times lower) and attrition (two-times lower) necessary to deliver intrapartum care at the level of midwife competencies. This suggests that scale-up of midwifery resources is a less expensive and more cost-effective way to reduce MMRs and could potentially increase access to skilled intrapartum care.
High maternal mortality rates (MMRs) in many developing countries continue to impede progress toward the United Nations Millennium Development Goal 5 (MDG 5; Improve Maternal Health), including Target 5A, to reduce MMRs 75% from 1990 levels, and Target 5B, to provide universal access to reproductive care. Additional substantial investments in skilled birth attendant training and deployment are needed in developing countries in order to improve access to reproductive health and to reduce MMRs. Many developing countries suffer from severe shortages in skilled healthcare workers in part because of limited financial resources, misguided strategies focused on low-skilled professionals or trained birth attendants, pressures to reduce public sector expenditures, previous insufficient investment in training, high attrition rates, population growth and maldistribution of human resources. A strategy that developing countries are implementing to address this human resource gap involves moving along the continuum of maternal and neonatal care from a higher cadre of healthcare workers (i.e., physicians) toward a lower cadre of workers (e.g., midwives and trained birthing assistants) [1] . However, the use of lower levels of healthcare workers without supervision or defined career paths has raised concerns regarding quality of care [2, 3] .
Skilled birth attendant has been defined by the WHO, International Confederation of Midwives and International Federation of Gynaecologists and Obstetricians as: "An accredited health professional -such as a midwife, doctor or nurse -who has been educated and trained to proficiency in the skills needed to manage normal (uncomplicated) pregnancies, childbirth and the immediate postnatal period and in the identification, management and referral of complications in women and newborns" [4] . Over the past 25 years, international agencies have called for an intensive scale-up of skilled birth attendants, particularly trained midwives, to reduce maternal mortality, increase access to reproductive health and support a woman's right to quality care [5] .
The midwife (or equivalent) is a member of the chain of professionals, necessary for maternal health ranging from community to referral services, and is an important part of the solution. Compared with physicians, midwives can be trained faster and at lower cost, have lower salaries and have higher retention rates. These factors suggest that scale-up of midwifery resources is a cost-effective way to increase rates of skilled birth attendance and reduce MMRs [6] ; however, data on the cost-effectiveness of midwife-led versus physician-led care in developing countries are mainly lacking.
This paper contributes to the literature by recommending an economic framework for policy makers in developing countries to inform their investments in skilled birth attendants and by evaluating published evidence on the effectiveness and cost-effectiveness of midwife-led versus physician-led intrapartum care.
Background Every year, nearly 300,000 women die in childbirth and millions more suffer from a serious pregnancyrelated illness or disability following birth [6] [7] [8] . Lack of access to skilled birth attendance and emergency obstetric care (EMOC) by the poorest populations is largely responsible for high maternal death and disability rates [7, 8] .
The link between increased access to skilled birth attendance and reduced MMR has been well established. Global efforts to scale-up skilled birth attendance are focused on reducing maternal death and more generally on supporting countries to achieve MDG 5A and 5B targets. By providing family planning services, high-quality basic EMOC and timely referrals to facilities with physician-supervised comprehensive EMOC capabilities, midwives and other skilled birth attendants with midwifery competencies can prevent most maternal deaths and disabilities resulting from obstetric hemorrhage, infection, eclampsia, prolonged/obstructed labor, and puerperal sepsis, assuming the availability of adequate supplies and equipment and a referral infrastructure [3] [4] [9] [10] [11] [12] . Here we are invoking the definitions that basic EMOC encompasses parenteral administration of antibiotics, oxytocics and anticonvulsants; assisted vaginal delivery; manual removal of the placenta and removal of retained products while comprehensive EMOC expands on those skills to also include caesarean birth, blood transfusion and maternal and neonatal resuscitation [7] .
To increase skilled birth attendance, developing countries must address human resources for health management, including training, recruitment, deployment and retention, which will all influence the in-flow and out-flow of workers. Developing countries with the poorest health indicators need to achieve appropriate coverage of facilities and have the minimum package of activities and the minimum required human resources for health for each level of the health system. These countries are also those affected by the most severe shortages of qualified healthcare workers [13] . In 57 countries, health workforce shortages have been deemed critical (i.e., <2.3 health workers/1000 population) and are disproportionately severe in rural and remote areas [14] . Major causes of shortages include a lack of previous investment in preservice training, attrition of healthcare workers [15, 16] , a lack of preservice training capacity, an insufficient supply of qualified students to enter preservice training, maldistribution of healthcare workers and consequent inequities in access to care and rapid population growth. By one set of estimates, an additional 550,000 midwives and nurses and 240,000 physicians will be needed to fulfill the growing healthcare needs in 31 African countries, necessitating investments of US$1.5 billion and US$1.1 billion (2007 US$), respectively [1] .
The situation in urban areas of lower income countries and in middle income countries differs from that of the poorest, rural areas. In this situation, the existing number of healthcare workers and funds for training more healthcare workers may be sufficient, but there may be problems of maldistribution. As countries grow richer, there is a tendency to deploy physicians to more districts. Studies suggest that growth in physician-led intrapartum care may be associated with over-medicalization, specifically a disproportionate increase in rates of caesarean birth [17, 18] . Decisions regarding investments in human resources in each country must consider how best to achieve the appropriate balance between midwives and physicians for optimal and cost-effective results.
Current data on the effectiveness & costs of midwife-led versus physician-led intrapartum care
Generally speaking, cost-effectiveness analysis compares the incremental difference in costs to the incremental difference in effectiveness [19] . Cost-effectiveness frameworks inform evidencebased policymaking focused on efficient health future science group Cost-effectiveness of midwife-led intrapartum care Review [20] LOS: Length of stay; NS: Not significant; RR: Relative risk.
resource investment decisions regarding how to achieve the best health outcomes for a given set of possible investments. Assessing the cost-effectiveness of scaling up midwife-led versus physician-led intrapartum care depends on the availability of accurate, high-quality data. In developing countries, data from experimentally designed studies are largely lacking. The results of one study from Nepal [20] showed that midwifeled intrapartum care was less resource intensive, less costly and as safe and effective as physician-led intrapartum care (Table 1 ). This study compared intrapartum care received by two similar groups of pregnant women at low obstetrical risk in midwifeled (n = 550) versus physician-led units (n = 438). Compared with women receiving physician-led care, women who delivered in the midwifery unit were significantly less likely to have an episiotomy (36% likelihood), undergo caesarean birth (63%) or receive oxytocics to augment labor (74% reduction); there was also a trend toward shorter hospitalization compared with women who delivered in the consultantled maternity unit. No significant differences in neonatal or maternal mortality were observed between the groups.
Although the context differs markedly in developing and developed countries, the results from the study in Nepal are consistent with those of several randomized and other well-designed prospective and retrospective studies conducted in developed countries (Tables 2 & 3) , showing comparable clinical outcomes for midwife-led and physician-led intrapartum care, even though midwife-led care is significantly less medically intensive (e.g., fewer caesarean births, episiotomies; Table 2 ) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , results in shorter hospitalization stays [23, 24] and generates lower costs compared with physician-led care (Table 3 ) [25] [26] [27] [28] [29] . Many of those findings were confirmed by a systematic Cochrane review and meta-analysis of 11 randomized trials of 12,276 low to mixed risk pregnant women from four developed countries (Australia, Canada, New Zealand and the UK) [30] . In this meta-analysis, women receiving midwife-led intrapartum care were 14-19% less likely to receive regional analgesics (relative risk [RR]: 0.81; 95% CI: 0.73-0.91), or undergo episiotomy (RR: 0.82; 95% CI: 0.77-0.88) or instrumental birth (RR: 0.86; 95% CI: 0.78-0.96). They were also 16% more likely to have no intrapartum analgesia/anesthesia administered (RR: 1.16; 95% CI: 1.05-1.29) and were slightly more likely to have a spontaneous vaginal birth (RR: 1.04; 95% CI: 1.02-1.06). Differences in rates of caesarean birth were not significant between the two groups (RR: 0.96; 95% CI: 0.87-1.06). A separate future science group Review Friedman, Liang & Banks Table 2 . Midwife-led versus physician-led models of intrapartum care in low-risk women: selected procedure outcomes. NA [23] Hundley et al.
Study (year)
Randomized trial and out of trial data collection 2844 UK NA NA Significant difference reported but not specified Significant difference reported but not specified [28] Jackson et al. [22] O'Brien et al. Cost-effectiveness of midwife-led intrapartum care Review Byrne et al.
Randomized controlled trial 200 Australia NA Similar (NS) for both models NA [21] Harvey et al. systematic review and analysis of four cost-effectiveness studies in 5845 pregnant women enrolled in randomized trials in the UK found an average net cost benefit of GB£12.38 and a quality-adjusted lifeyear benefit of 0.0004 per maternity case in favor of midwife-led care compared with physician care [31] .
An alternative cost-effectiveness model of midwife-led versus physician-led intrapartum care for developing countries Because quality data are scarce, it is not possible to construct accurate cost-effectiveness models based on maternal mortality rates, neonatal mortality rates, complication rates and birthing resource costs to compare midwife-led to physician-led programs in developing countries. An alternative approach to assessing cost-effectiveness in developing countries could be to evaluate differences in cost drivers (including salary, benefits, incentives, preservice training, in-service training, attrition, administration and monitoring and evaluation) and compare them to expected differences in effectiveness measured by outcome measures, such as maternal deaths, newborn deaths or complications averted (Figure 1 ).
Based on simulations using the OneHealth Tool [34] , the programmatic components for which differences in costs between physician-and midwife-led intrapartum care are expected to be greatest include salary (including related benefits and incentives), preservice training and attrition rates. As explained below, it is anticipated that midwife-led intrapartum care will have lower costs than physician-led care, driven primarily by salaries, benefits and incentives on average being one half or less that of physician-led care, preservice training costs onethird that of physician-led care and midwife attrition being roughly half that of physician attrition rates. Differences associated with in-service training and administrative costs were not anticipated to be major drivers of the cost differences between midwife-led and physician-led care.
Relative effectiveness & safety
Within the set of competencies common to midwives and physicians, the evidence from industrialized nations indicates that the effectiveness and safety of intrapartum care provided by both types of healthcare professionals are comparable [21] [22] [23] [24] [26] [27] [28] [29] [30] .
Because of the lack of experimentally designed comparative studies of effectiveness between midwife-led and physician-led care in developing countries, we have used the results of comparative studies in developed countries (described previously) to conclude Table 3 . Midwife-led versus physician-led models of intrapartum care in low risk women: hospitalization length of stay and economic outcomes (cont.). Approximate multiplier of physician versus midwife costs; based on salary data from the WHO CHOICE database; service training data [31] and attrition data from Nigeria and Zambia [32, 33] . Cost-effectiveness of midwife-led intrapartum care Review that there are no obvious differences in effectiveness between midwife-led and physician-led care. The sample size of these studies was insufficient to allow for comparisons of maternal mortality. In general, the tendency for midwife-led care to be significantly less medically intensive (Tables 1-3 ) strengthens the case for midwife-led care to be at least as effective and safe as physician-led care.
Study (year)

Cost drivers (multiplier † )
Relative salary
Salaries and incentives are estimated to comprise approximately 16% of the incremental costs of scaling up the health system for all cadres of health workers according to the High-Level Taskforce on Innovative Financing for Health Systems [35] . According to the WHO CHOICE salary database, the salary for a physician or medical specialist is generally at least twice that of a salary for a nurse/midwife ( Figure 2 ). In simulations (using the OneHealth Tool) comparing the costs of scaling up of physician versus midwife cadres, the ≥2-fold salary difference between midwives and physicians was the primary driver of cost differences. If benefits and incentive pay are adjusted to relocate health workers to remote areas and help alleviate the maldistribution of resources among urban and rural areas, then the compensation difference becomes even larger (as benefits and incentive pay are often proportional to the base salary).
Relative cost of training
Preservice training is estimated to account for approximately 8% of the incremental costs of scaling up the health system for all cadres of health workers according to the High-Level Taskforce on Innovative Financing for Health Systems [31] . Training costs include recurrent costs such as tuition, room and board and supplies, as well as capital costs relating to the construction or rehabilitation of educational facilities and installation of major equipment. In the High Level Task Force in Innovative Financing (2010) and the World Health Report [35, 36] , the WHO assumed that the total preservice education costs were a multiplicative factor of the gross domestic product per capita, where the estimated cost of a midwife's preservice training was about a third the cost of a physician's preservice training. This relative cost is a reflection of the shorter time period for midwifery training and the narrower focus of midwifery training (routine birthing care and basic EMOC) relative to physician training [37] . Additionally, several countries are considering or are in the process of shifting the training of nurse/ midwives, which requires 7 or 8 years, to the training of midwives, which requires 3 years, to enhance cost-effectiveness.
Another potential source of cost differential between midwives and physicians arises from the need for new school construction or expansion. The construction of new training facilities is likely to be required if the preservice training needs vastly exceed the current production capacity. The International Finance Corporation estimated start-up costs range from US$2 to US$10 million for a large, multidisciplinary medical university compared with US$0.3 to US$2 million for a school for nurses, midwives and laboratory technicians [32] .
Relative attrition rate
Attrition of healthcare workers is a major factor impeding the ability of many developing countries to scale-up skilled birth attendant coverage [13] . Attrition disproportionately affects rural and remote areas, contributing to high MMR burden [38] . The costs of attrition encompass not only loss of time, productivity and customers, but also workforce replenishment. Causes of attrition fall into two categories: voluntary and involuntary. Voluntary attrition may be related to low pay, poor working and living conditions, high workload/stress level or fear of contracting a serious illness such as HIV/AIDS [39] , as well as migration opportunities. Involuntary attrition is associated with factors such as serious illness, dismissal, death and retirement [13, 33, 38] , and is a relatively minor contributor to the overall causes of attrition. The attrition rate of midwives tends to be lower than that of doctors. For example, in 2008, the Zambia Ministry of Health estimated that the baseline estimate of total attrition for midwives was 4.5%, less than half of the 9.8% baseline estimate of total attrition for doctors [38] . Similarly, in 2006, the attrition rate for nurses and midwives in Nigeria was 1.4% or nearly half of the 2.3% attrition rate for doctors [40] . Other simulation-based estimates also future science group Review Friedman, Liang & Banks support the contention that attrition rates are higher for physicians than midwives [13] . For all cadres of healthcare workers, it is critical that human resource strategies are implemented to minimize attrition through retention programs, especially in rural and remote areas where job satisfaction may be an acute concern. Additionally, human resource strategies are necessary to ensure service quality through appropriate monitoring, supervisory visits, in-service training and accreditation programs.
Discussion
There is an urgent need for substantial investment in midwifery training and deployment in developing countries to reduce maternal mortality and enable universal access to sexual and reproductive health. Skilled birthing care provided by midwives is perceived to be a cost-effective alternative to birthing care provided by physicians; however, this perception is not well supported with evidence. Policymakers in developing countries need evidence-based tools to invest scarce resources efficiently.
Few formal cost-effectiveness studies of midwifeled versus physician-led intrapartum care have been published. Studies of caesarean births performed by assistant medical officers and obstetrician/gynecologists in Mozambique and other African nations have shown comparable maternal outcomes for both cadres and greater cost-effectiveness for the assistant medical officers [41] [42] [43] . For midwives, a substantial amount of high-quality evidence from developed countries shows that with proper training, adequate resources and a quality infrastructure, midwife-led intrapartum care results in similar safety and effectiveness outcomes with fewer resources and lower costs compared with physician-led intrapartum care. At least one large study from Nepal has shown similar results [20] , but more evidence on the cost-effectiveness of midwife-led care in developing countries is needed that account for country, region and intraregional and equitable variations in population risk profiles, healthcare resources and infrastructure. Conversely, the consistency of data showing more intensive medical resource utilization by physicians shown in these studies is reflected in studies in developing countries that have shown rapidly increasing rates of caesarean birth without clear evidence that this is related to either medical need or maternal preference [17, 18] . Cost-effectiveness of midwife-led intrapartum care Review
In the absence of accurate data on costs and effectiveness of care in developing countries, an alternative model of cost-effectiveness based on programmatic components and various measures of effectiveness is recommended for use by policymakers in those countries. This cost approach combines the cost drivers of midwife-and physician-based programs, including salaries, preservice training and attrition, and effectiveness indicators.
Implementation of the alternative model with simulated data on training, attrition and salaries from developing countries (using the OneHealth tool) indicates that, for many developing countries, scaling up midwife-based programs is expected to be more than twice as cost effective as scaling up physician-based programs, under assumptions of reasonably comparable effectiveness. Even more favorable cost-effectiveness ratios are attainable if reductions in the intensity of medical resource use resulted from midwife-led care. The substantially lower costs associated with midwives also suggest that even at lower effectiveness, midwife-led intrapartum care may still be more cost effective.
Research exploring the effectiveness outcomes in urban, rural and remote settings of care and in different subpopulations is warranted. Most effectiveness data collected in studies have been derived from low-risk pregnancies and cannot readily be extrapolated to higher-risk pregnancies. Development of data from diverse settings and subgroups would best inform where midwifery care is most effective and who benefits the most in developing countries.
The cost-effective scale-up of professionally trained midwives is a critical step toward breaking the stagnation in workforce shortages and persisting high MMRs. However, this effort can only be successful in the context of: implementing strategies to encourage midwives to work and live in rural and remote areas; complementary efforts to ensure quality of intrapartum care at all levels, whether that care is provided within a facility or a home [3] ; an infrastructure that includes secondary and tertiary health facilities, adequate supplies and equipment, effective communication and referral/transport systems; and as part of a comprehensive human resources approach. These systems of care are found in countries that have been able to achieve low MMRs [44] such as China, Malaysia, Sri Lanka and Mexico.
Irrespective of whether the intrapartum care is midwife-led or physician-led, effective health system infrastructure is necessary to reduce maternal mortality. For example, in situations where comprehensive EMOC is required, an effective referral and transport system must be in place with the required commu-nications, transportation, human resources, training and supervision elements established. The successful patient referral and transport would be to a higher level facility that is appropriately supplied with necessary items for performing comprehensive EMOC including electricity, sterile operating environment, anesthesia equipment, surgical instruments and supplies, neonatal resuscitation equipment, laboratory capabilities and the capacity for delivering blood transfusion. The establishment of a health system that can support the referral, transport and the appropriately supplied facility to support comprehensive EMOC requires substantial financial and time investments, a challenge in many developing countries.
The ability of midwives to succeed and remain in their jobs also depends on an enabling environment. Compared with solo practitioner models, studies suggest facility-centered models of care in combination with team-oriented midwifery care (in which midwives work with midwife assistants and other health providers) is a viable and more sustainable approach to meeting the need for basic and comprehensive EMOC, supportive working environments, sustained high-level quality of care, increased skilled delivery coverage, maintenance of clinical skills and improved retention of midwives in rural/remote areas [2, 37, [45] [46] . Simulations indicate that this teamoriented approach could be scaled up much more quickly compared with deployment of solo health workers to increase skilled intrapartum coverage and accelerate reduction in MMRs [36, 47] .
The conclusion that midwife-led services are a cost-effective solution for reducing maternal mortality agrees with recently published simulations examining effectiveness and cost-effectiveness. Investments in sexual and reproductive health services, including scaling up of midwifery services, have been shown to be highly cost effective with rates of return of up to ninetimes the economic and social benefit [48] . In countries in the lower tercile of the Human Development Index, universal coverage (95%) of the interventions delivered by midwifery services was projected to reduce maternal mortality by 82% with similar projected declines in neonatal mortality and stillbirths [49] .
Conclusion
An alternative approach to evaluating investments in midwife-led versus physician-led intrapartum programs suggests that scale-up of midwifery resources by developing countries is a much less expensive and more cost-effective way to reduce MMRs based on its lower costs and similar effectiveness, and also a potentially more rapid way to increase access to skilled intrapartum care. Optimism about continuing the future science group Review Friedman, Liang & Banks reduction in maternal mortality depends on adequate investment levels in midwifery and related resources.
Future perspective
In the near future, we anticipate that cost-effectiveness analysis will continue to be an increasingly important component of the health system planning cycle. As such, there will likely be more comparative cost-effectiveness studies related to the use of midwives-led versus physician-led intrapartum care in developing countries. Enhanced simulations associated with scaling up skilled birth coverage will be developed in the future where the complete health system implications (including all components of human resource planning, infrastructure development, equipment, logistics, governance, health information systems and health financing) will be fully incorporated. This simulation research will be important to inform strategies that can lead to the effective and efficient scale up of midwife-based birth coverage. As human resource challenges continue to present themselves in resource-constrained environments, there will probably be a greater emphasis on the use of midwives for the provision of skilled birth attendance along with the necessary training, governance, supervision, referral
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Background
• Every year, nearly 300,000 women die in childbirth and millions more suffer from a serious pregnancy-related illness or disability following birth. Additional substantial investments in skilled birth attendant training and deployment are needed to improve access to reproductive health and reduce maternal mortality. • Many developing countries suffer from severe shortages in skilled healthcare workers in part because of limited financial resources, misguided strategies focused on low-skilled professionals or trained birth attendants, pressures to reduce public sector expenditures, previous insufficient investment in training, high attrition rates, population growth and maldistribution of human resources.
Cost-effectiveness drivers
• The cost-effectiveness of midwife-led versus physician-led intrapartum care can be assessed by evaluating differences in cost drivers (including salary, benefits, incentives, preservice training, in-service training, attrition, administration, and monitoring and evaluation) and comparing them to expected differences in effectiveness measured by outcome measures, such as maternal deaths, newborn deaths or complications averted. • Based on simulations using the OneHealth Tool, scaling up midwife-based programs is expected to be more than twice as cost effective as scaling up physician-based programs, under assumptions of reasonably comparable effectiveness.
Relative effectiveness & safety
• Randomized and other well-designed prospective and retrospective studies have demonstrated comparable clinical outcomes for midwife-led and physician-led intrapartum care, even though midwife-led care is significantly less medically intensive (e.g., fewer caesarean births, episiotomies).
Relative salary
• The salary for a physician or medical specialist is generally at least twice that of a salary for a nurse/midwife. In OneHealth Tool simulations comparing the costs of scaling up of physician versus midwife cadres, the ≥2-fold salary difference between midwives and physicians was the primary driver of cost differences. If benefits and incentive pay are adjusted to relocate health workers to remote areas and help alleviate the maldistribution of resources among urban and rural areas, then the compensation difference becomes even larger (as benefits and incentive pay are often proportional to the base salary).
Relative cost of training
• The estimated cost of a midwife's preservice training was about one-third the cost of a physician's preservice training, a reflection of the shorter time period for midwifery training and the narrower focus of midwifery training (routine birthing care and basic EMOC) relative to physician training. In-service training costs were not anticipated to be a major driver of the cost differences between midwife-led and physician-led care.
Relative attrition rate
• Attrition rates are generally higher for physicians than midwives.
Conclusion
• The cost-effective scale-up of professionally trained midwives is a critical step toward breaking the stagnation in workforce shortages and persisting high MMRs. Scaling-up of midwifery services can only be successful in the context of: implementing strategies to encourage midwives to work and live in rural and remote areas; complementary efforts to ensure quality of intrapartum care at all levels, whether that care is provided within a facility or a home; an infrastructure that includes secondary and tertiary health facilities, adequate supplies and equipment, effective communication and referral/transport systems; and as part of a comprehensive human resources approach. These systems of care are found in countries that have been able to achieve low maternal mortality ratios.
future science group
Cost-effectiveness of midwife-led intrapartum care Review systems and infrastructure to ensure safe delivery for mother and newborn. The result of these investments will be a continuation in the reduction of maternal and neonatal mortality rates.
